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Corticotropin-Releasing Factor Plays a Permissive
Role in Cerebellar Long-Term Depression

of the medulla and supply strong excitatory synapses
to Purkinje cells (PCs). The entire course of olivocerebel-
lar CF afferents, from the somata of the olivary neurons
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to CF terminals, has been shown to be immunoreactive*Laboratory for Memory and Learning
for CRF (Parkovits et al., 1987; Sakanaka et al., 1987;†Laboratory for Cellular Neurophysiology
Sawchenko and Swanson, 1989; Cummings et al., 1994a).‡Laboratory for Cellular Information Processing
CRF mRNA expression and immunoreactivity for CRFBrain Science Institute
of inferior olivary neurons have been demonstrated toRIKEN (Institute of Physical and Chemical Research)
increase following experimental manipulations that en-Wako-shi, Saitama 351–0198
hance the activity of these neurons under sustained§Department of Physiology
optokinetic stimulation in the rabbit (Barmack and Young,Jichi Medical School
1990; Barmack and Errico, 1993) and harmaline treat-Minamikawachi-machi, Tochigi-ken 329–04
ment in the rat (Cummings et al., 1994b). On the otherJapan
hand, CRF receptor mRNA, mainly for type 1 receptors,
is present in PCs as well as granule cells (Chang et al.,
1993; Potter et al., 1994). Electrophysiological investiga-Summary
tions reveal that CRF acts directly on PCs; in anesthe-
tized rats, CRF enhances the sensitivity of PCs to gluta-This study of rat cerebellar slices yielded two lines
mate and aspartate and reduces their sensitivity toof evidence indicating that the corticotropin-releasing
GABA (Bishop, 1990; Bishop and Kerr, 1992; Bishopfactor (CRF) found in climbing fibers (CFs) is critical
and King, 1992). CRF also reduces the spike-inducedfor the induction of long-term depression (LTD) at the
afterhyperpolarization (AHP) in cultured PCs, presum-parallel fiber (PF) synapses of Purkinje cells (PCs) by
ably due to the closure of Ca21-activated K1 channelstheir conjunctive activation with either stimulation of
(Fox and Gruol, 1993). Furthermore, spontaneous andCFs or depolarization of PCs. First, LTD induction was
KCl-induced release of CRF from cerebellar slices haveeffectively blocked by specific CRF receptor antago-
recently been reported (G. A. Bishop et al., 1997, Soc.nists, a-helical CRF-(9–41) (a-h CRF) and astressin;
Neurosci., abstract). These results provide evidence forand second, LTD was no longer observed in CF-
the direct actions of CRF on PCs and suggest that CRFdeprived cerebella but was restored by CRF replen-
may be released from CFs and modulate PC excitability.ishment. The data obtained in this study suggest that

One important and well-studied function of the CFthese effects are mediated by protein kinase C (PKC)
system is the triggering of long-term depression (LTD)and not by Ca21 signaling or cyclic GMP (cGMP) pro-
of parallel fiber (PF) synapses, the other major excitatoryduction.
input to PCs (Ito et al., 1982; Ekerot and Kano, 1985;
reviewed by Ito, 1989). LTD is induced via a complex

Introduction series of signal transduction processes involving a num-
ber of receptors and messengers and eventually causes

Corticotropin-releasing factor (CRF), a peptide com- a persistent reduction in sensitivity to a-amino-3-hydroxy-
posed of 41 amino acids, is synthesized in the hypothal- 5-methyl-4-isozazole-propionate- (AMPA-) selective glu-
amus and regulates the release of adrenocorticotropic tamate receptors of PF synapses (reviewed by Daniel
hormone from the anterior pituitary (Vale et al., 1981). et al., 1998). LTD is a form of synaptic plasticity in the
CRF is present not only in the hypothalamo-pituitary cerebellum that has been proposed as the cellular basis
system but also in other brain regions (De Souza et al., for motor learning, such as for adaptation of the vestib-
1985, 1987; Sakanaka et al., 1987). CRF receptors have ulo-ocular reflex (reviewed by Ito, 1982, 1998; Nagao,
also been shown to be present in the brain (Chang et 1983) and the conditioned eyeblink response (Thomp-
al., 1993; Potter et al., 1994; Chalmers et al., 1995). CRF son and Krupa, 1994). CRF expression in olivary neurons
is reported to be released spontaneously from brain has been shown to increase following sustained optoki-
tissues as well as in response to challenges with KCl or netic stimulation (Barmack and Young, 1990; Barmack
acetylcholine (Calogero et al., 1988; Cratty and Birkle, and Errico, 1993), a condition similar to that inducing
1994; Gabr et al., 1994). These data suggest that CRF adaptive enhancement of optokinetic eye movements
is released both spontaneously and in an activity-depen- (Nagao, 1983), suggesting a role for CRF in mechanisms
dent manner. CRF may have neuromodulatory functions underlying LTD induction and cerebellar motor learning.
such as modulation of synaptic transmission and regula- Here, we present two lines of evidence indicating that

CRF plays a crucial role in the induction of LTD. The firsttion of ionic currents in various brain regions.
line of evidence was obtained using CRF antagonists,In the cerebellum, CRF is concentrated in climbing
a-helical CRF-(9–41) (hereafter abbreviated to a-h CRF)fiber (CF) afferents, which originate in the inferior olive
(De Souza, 1987) and astressin (Gulyas et al., 1995); the
second line of evidence was obtained by experiments‖ To whom correspondence should be addressed (e-mail: mmiyata@
on CF-deprived rats. We also examined the effects ofresearch.twmu.ac.jp).
CRF and its antagonists on Ca21 signaling in PCs and# Present address: Department of Physiology, School of Medicine,

Tokyo Women’s Medical University, Tokyo, Japan. the activation of protein kinase C (PKC) and cyclic GMP
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Figure 1. Conjunctive PF and CF Stimulation Induces LTD (LTDcnj)

(A) Conjunctive PF and CF stimulation at 1 Hz for 5 min (300 stimuli) result in LTD of the PF-EPSP initial slopes. Test PF stimulation was
repeated at 0.2 Hz. In this and all subsequent figures, the data have been normalized to the mean initial slope value during the control period
for the first 10 min. The PF-EPSPs and CF responses shown were recorded 9 min prior to (Aa) and 45 min following (Ab) the initiation of
conjunctive stimulation indicated by the arrow. Each trace is an average of five successive responses.
(B) Pooled data (mean 6 SEM, n 5 14) from the experiments with conjunctive PF and CF stimulation, performed as in (A). Error bars, SEM.
(C) Repetitive PF stimulation alone at 1 Hz for 5 min (300 stimuli) does not produce depression but instead a slight potentiation of PF-EPSP
initial slopes. Sample traces were recorded 10 min prior to (Ca) and 45 min following (Cb) the initiation of repetitive PF stimulation indicated
by the arrow.
(D) Pooled data (mean 6 SEM, n 5 9) from experiments with repetitive PF stimulation alone, performed as in (C).

(cGMP) production in cerebellar slices and obtained evi- associated with LTD (data not shown). Under our re-
cording conditions, repetitive PF stimulation alone at 1dence suggesting that only PKC is involved in the role

of CRF in LTD induction. Hz for 5 min did not induce LTD but instead a slight
potentiation (Figures 1C and 1D). The average increase
of PF-EPSP slope was 23.0% 6 11.0% (n 5 9) at 40 min

Results
after the onset of PF stimulation. This is consistent with
results obtained previously using similar experimental

LTD Induced by Conjunctive PF
protocols (Sakurai, 1987, 1990; Karachot et al., 1994).

and CF Stimulation (LTDcnj)
Repetitive stimulation of CFs alone at 1 Hz for 5 min

LTD of PF to PC transmission was represented by a
caused no change in PF-EPSP slope (0.0% 6 2.0% at

decrease in the initial gradient of PF-induced excitatory
40 min after stimulation, n 5 3; data not shown).

postsynaptic potentials (PF-EPSPs). LTD was induced
by conjunctive PF and CF stimulation at 1 Hz for 5 min
(300 stimuli) (Figures 1A and 1B), a protocol that has a-h CRF and Astressin Antagonize

the Effect of CRF on PCsbeen shown to be optimally effective for inducing LTD
in adult rat cerebellar slices (Karachot et al., 1994). LTD Two CRF receptor antagonists, a-h CRF and astressin,

were used in the present study. a-h CRF is a commonlywas presumed to have been induced when the decrease
in the average initial gradients was larger than 25% both used CRF antagonist and has been shown to inhibit the

effects of CRF with a Ki of 16.7 6 1.6 nM in brain tissuesat 10 min and 30 min after conjunctive stimulation; 12
of the 14 PCs tested exhibited LTD. The average de- (De Souza, 1987). Astressin is a novel and more specific

antagonist than a-h CRF and has been demonstratedcrease in the gradient of the initial rising slope of PF-
EPSPs in these 14 PCs was 38.0% 6 4.8% (mean 6 to be 100-fold more potent in an in vitro biochemical

analysis (Gulyas et al., 1995) and 17-fold more potentSEM at 40 min after the onset of conjunctive stimulation),
which is similar to previously reported values (Karachot in an in vivo behavioral analysis (Martinez et al., 1997).

We first confirmed that these CRF receptor antago-et al., 1994). Conjunctive stimulation had no effect on
complex spikes induced by CF stimulation (Figure 1A, nists antagonized CRF without side effects on the mem-

brane properties or synaptic transmission in PCs. CRFinset). No consistent change in input resistance was
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Figure 2. Effects of CRF Antagonist on AHP
and mGluR1-Mediated Slow EPSPs

(A) AHPs (arrows) following CF responses as
recorded from a PC.
(Aa) Control.
(Ab–Ad) Gradual diminution of AHP, recorded
at 5 min (Ab), 10 min (Ac), and 15 min (Ad)
after the onset of CRF (1.0 mM) application.
(Ae–Ag) Recovery of AHP in the same PC as
in (Aa) through (Ad), recorded at 5 min (Ae),
10 min (Af), and 15 min (Ag) after the onset
of addition of a-h CRF (1.0 mM) in the medium
subsequent to (Ad).
(B) mGluR1-mediated slow EPSPs evoked
in a PC.
(Ba) Repetitive stimulation of PFs (50 Hz,
eight pulses) during perfusion with NBQX (10
mM) and AP-5 (30 mM).
(Bb) Similar to (Ba), but under perfusion with
a-h CRF (1.0 mM).

has been reported to reduce AHP in PCs that follow (50 Hz, eight pulses) evoked slow EPSPs in PCs (average
peak size 6 SEM, 5.3 6 0.4 mV, n 5 7; Figure 2Ba)spike trains, in a dose-dependent manner (Fox and

Gruol, 1993). AHP is presumed to result from activation following treatment with both 6-nitro-7-sulphamoyl-
benzo(f)quinoxaline-2,3-dione (NBQX) (10 mM) to blockof both Ca21-dependent and voltage-gated K1 conduc-

tances (Llinás and Sugimori, 1980). We observed AHP AMPA receptors and 2-amino-5-phosphonopentanoic
acid (AP-5) (30 mM) to block NMDA receptors. Thesefollowing characteristic complex spikes evoked by stim-

ulation of CFs at 20 s interpulse intervals (Figure 2A, slow EPSPs were not affected by the application of a-h
CRF (1.0 mM) (100.3% 6 1.0%, n 5 7, relative to thearrows) (Hashimoto and Kano, 1998). Bath application

of CRF (1.0 mM) resulted in a substantial reduction in control slow EPSPs; Figure 2Bb).
the amplitude of AHP (Figures 2Ab–2Ad, arrow). The
peak amplitude of AHP at each time point was estimated
relative to the average value obtained for five successive Blockade of LTDcnj by CRF Receptor Antagonists

To investigate the involvement of CRF in LTD, conjunc-stimuli before CRF application. The AHP amplitude be-
gan to decrease within 5 min and reached the level of tive PF and CF stimulation at 1 Hz for 5 min was per-

formed in the presence of a-h CRF (1.0 mM) or astressin23.0% 6 5.0% (n 5 6) of the control value at 10–15
min after the onset of CRF application (Figure 2Ad). (0.1 mM). LTD was not induced in any of the eight PCs

tested when conjunctive stimulation was performed 10Consistent with Fox and Gruol’s (1993) report, significant
decreases in AHP amplitude were induced by 1.0 mM min after the commencement of a-h CRF (1.0 mM) appli-

cation. In three of the eight PCs, conjunctive stimulationCRF but not 0.1 mM CRF (100.8% 6 0.4%, n 5 4). The
reduction in AHP amplitude induced by CRF (1.0 mM) resulted in potentiation of the PF-EPSP slope. At 30 min

after the onset of conjunctive stimulation, the averagewas blocked by the subsequent application of a-h CRF
(1.0 mM) (Figures 2Ae–2Ag); AHP recovered to 100.0% value of PF-EPSP slopes in the eight PCs increased to

110.5% 6 12.0% of the control value obtained before6 0.2% (n 5 4) compared with the control AHP before
CRF application. Similar recovery was also observed the conjunctive stimulation (Figure 3B). On the other

hand, in the presence of 0.1 mM astressin, a transientafter the application of astressin (0.1 mM) (100.0% 6
0.9%, n 5 4). AHP was not reduced significantly follow- decrease of PF-EPSPs was observed that recovered to

the control value within 20 min (Figures 3C and 3D). Ating application of a-h CRF (1.0 mM) alone for 15 min
(97.9% 6 0.3%, n 5 6). PF-EPSPs were not affected 30 min after conjunctive stimulation, the average PF-

EPSP slope increased to 105.3% 6 9.0% (n 5 11) ofsignificantly by application of a-h CRF for 15 min
(100.0% 6 2.5%, n 5 5) or astressin (101.7% 6 2.2%, n the control value obtained before the conjunctive stimu-

lation.5 5). Neither CF responses, input resistance, nor resting
membrane potential were affected by these CRF antag- To examine whether CRF is involved in the induction

or the maintenance of LTD, conjunctive PF and CF stim-onists.
Neither a-h CRF nor astressin affected fast EPSPs ulation were performed in the normal perfusion medium,

and bath application of a-h CRF (1.0 mM) was startedevoked by PF stimulation (see below and Figures 3 and
4), which are mediated by AMPA receptors (Lliano et just after the termination of conjunctive stimulation and

continued for 15 min (Figure 4A). LTD was induced de-al., 1991). PF stimulation also evoked slow EPSPs by
activation of metabotropic type 1 glutamate receptors spite the presence of a-h CRF and was maintained

thereafter. The average PF-EPSP slope remained de-(mGluR1s; Batchelor and Garthwaite, 1997; Tempia et
al., 1998). We observed that repetitive PF stimulation pressed by 30.2% 6 4.6% (n 5 6) at 50 min after the
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Figure 3. CRF Antagonists a-h CRF and Astressin Block LTDcnj

(A) a-h CRF (1.0 mM) was bath applied during the period indicated by the horizontal bar and prevented LTDcnj. Note that neither PF-EPSP
nor CF response was affected by a-h CRF (Aa and Ab).
(B) Pooled data (mean 6 SEM, n 5 8) from the experiments with conjunctive PF and CF stimulation in the presence of a-h CRF, performed
as in (A).
(C) Astressin (0.1 mM) was bath applied during the period indicated by the horizontal bar and prevented LTDcnj. Note that neither PF-EPSP
nor CF response was affected by astressin (Ca and Cb).
(D) Pooled data (mean 6 SEM, n 5 11) from the experiments with conjunctive PF and CF stimulation in the presence of astressin, performed
as in (C).

conjunctive stimulation. In another series of experi- stimulation, there was no residual decrease of PF-
EPSPs (3.0% 6 9.1%, n 5 13). Astressin (0.1 mM) alsoments, application of a-h CRF was initiated 25 min after

the termination of conjunctive stimulation and continued blocked LTDdepo (average decrease at 40 min after
the combined stimulation, 5.0% 6 8.9%, n 5 4). Thesefor 15 min (Figure 4B). The antagonist had no effect on

the maintenance of LTD (by 32.3% 6 7.1% at 50 min results suggest that CRF released by repetitive CF stim-
ulation is not an essential prerequisite for the inductionafter the conjunctive stimulation, n 5 5). These results

clearly indicate that CRF is a prerequisite for the induc- of LTD. Presumably, ambient CRF that is present endog-
enously in cerebellar slices is sufficient for the inductiontion but not the maintenance of LTD.
of LTD (see Discussion).

LTD Induced by a Combination of PF Stimulation
and PC Depolarization (LTDdepo) and Its Abolition of LTD by Chronic Destruction of CFs

and Its Restoration by CRF ReplenishmentInhibition by a-h CRF and Astressin
LTD can also be induced when CF stimulation is re- If the CRF contained in and released from CFs is required

for the induction of LTD, destruction of the inferior oli-placed with direct depolarization of PCs (Crepel and
Jaillard, 1991). A combination of PF stimulation at 1 Hz vary neurons and subsequent degeneration of CF termi-

nals in the cerebellar cortex should result in the abolitionfor 5 min with injection of depolarizing current pulses
(200 ms) that are sufficiently large to evoke dendritic of LTD. Hence, we administered 3-acetylpyridine (3AP),

harmaline, and niacinamide (3AP-treated) to Wistar ratsCa21 spikes (Figure 5A, inset) induced LTD of PF-EPSPs
(average decrease of 28.5% 6 7.0% at 40 min after the to selectively destroy the majority of inferior olivary neu-

rons (Llinás et al., 1975). A reduction in PF-induced nitriconset of the combined stimulation, n 5 7; Figures 5A
and 5B). This LTDdepo is similar to LTDcnj (Figures 1A oxide (NO) production during the 11–16 day period after

the 3AP treatment has been reported as a side effectand 1B) in magnitude and time course. LTDdepo was
also blocked by a-h CRF (1.0 mM) (Figures 5C and 5D); that inhibits LTD induction (Shibuki and Kimura, 1997).

However, normal NO production was restored thereaf-the transient decrease of PF-EPSPs obtained in re-
sponse to PF stimulation combined with PC depolariza- ter, such that the NO-dependent cGMP production

caused by PF stimulation is indistinguishable from thattion was followed by a return to control levels within 30
min (Figures 5C and 5D); at 40 min after the combined in normal rats at 50–90 days after 3AP treatment (Okada
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adopted for the LTD experiments. In such PCs, presum-
ably with no CF innervation, PF stimuli (1 Hz for 5 min)
combined with depolarizing current pulses (200 ms)
failed to induce LTDdepo in six of eight cells. The aver-
age decrease of PF-EPSPs in these eight cells was negli-
gible (2.2% 6 10.0% at 30 min after combined stimula-
tion; Figure 6A). It is unlikely that the inability to induce
LTDdepo was due to a reduction of depolarization-
induced Ca21 entry, because depolarizing current pulses
(200 ms) readily induced dendritic Ca21 spikes (Figure
6A, inset), similar to the observation in control rats.
Therefore, the inability to induce LTD was presumably
due to the removal of CFs, depriving the cerebellar cor-
tex of endogenous CRF.

LTDdepo was restored when cerebellar slices from
the 3AP-treated rats were incubated with extracellular
solutions containing 0.1 mM CRF for 3 hr before the
recording was commenced (Figure 6B). The average
magnitude of the restored LTDdepo was 28.0% 6 10.9%
at 30 min after the combined stimulation (n 5 7), compa-
rable with the magnitude of the control LTDdepo in nor-
mal rats (Figure 5B). No such restoration occurred when
the CRF concentration in the perfusates was decreased

Figure 4. CRF Antagonist Did Not Affect the Late Phase of LTD to 0.01 mM (n 5 3). The restoration of LTDdepo by CRF
(A) Pooled data (mean 6 SEM, n 5 6) from six experiments with was prevented when 1.0 mM a-h CRF was added to
conjunctive PF and CF stimulation (1 Hz, 300 pulses). a-h CRF (1.0 the perfusate containing 0.1 mM CRF (Figure 6C), the
mM) was applied for 15 min immediately after the termination of the

average LTD magnitude in this case being 0.6% 6 4.7%conjunctive stimulation, as indicated by a horizontal bar.
(n 5 5) at 30 min after LTDdepo-inducing stimulation.(B) Pooled data (n 5 5) from five similar experiments in which a-h
This indicates that the rescue of LTD in CF-deprivedCRF (1.0 mM) was applied for 15 min, starting 25 min after the

termination of the conjunctive stimulation. Error bars, SEM. PCs by CRF is mediated by CRF receptors. It appears
that all of the basic factors necessary for LTDdepo in-
duction, except CRF, were preserved in 3AP-treated ratand Hartell, 1998). We therefore examined the rats 60–90
cerebella and that the LTD deficit in these cerebella wasdays after 3AP treatment. The treated rats developed
due to the lack of endogenous CRF.clear neurological symptoms indicative of cerebellar

LTDdepo was restored only partially when 0.1 mMdysfunction but remained viable. We confirmed histo-
CRF was applied for only 15 min, starting 10 min before

logically in these rats that the inferior olivary neurons
the LTDdepo-inducing combined stimulation; LTDdepo

disappeared completely, except for a small number of
occurred in three of the nine cells tested (average LTD

neurons retained at the dorsal cap. In contrast, PC bod- magnitude in the nine PCs, 12.5% 6 11.2% at 30 min
ies and dendrites were strongly immunoreactive for cal- after the onset of the combined stimulation). It was also
bindin D28K in both 3AP-treated and control rats. Homo- observed that the effect of prolonged incubation with
geneous staining patterns of the molecular layer and CRF was not blocked when a-h CRF (1.0 mM) was ap-
PC layer were observed in an overview of coronal sec- plied for only 15 min, starting 10 min before the onset
tions of the vermis from both groups of animals. We did of LTDdepo-inducing stimulation; LTDdepo occurred in
not observe any absence of staining indicating the loss two of the three cells tested. Thus, the restoration of
of PCs in the vermis of 3AP-treated rats. The average LTD after replenishment of CRF in CF-deprived PCs and
number of PCs was 21.38 6 2.13 (mean 6 SD) and also the inhibition of the CRF-induced restoration in the
20.93 6 2.02 per 0.1 mm2 in 3AP-treated rats (n 5 4) presence of a CRF antagonist are slow processes. This
and control rats (n 5 4), respectively, the difference not is in contrast to the rapidity of the onset and recovery
being statistically significant (p . 0.05, unpaired t test). of the effect of CRF on AHP (Figure 2) and is presumed
In situ hybridization experiments indicated that the PCs to be due to the slowness of the CRF-induced signal
in 3AP-treated rats expressed the mRNA of CRF recep- transduction process, such as that reported for phos-
tor type 1, similar to untreated rats (M. M., unpublished phoinositide hydrolysis (Xiong et al., 1995) and PKC acti-
data). The significant loss of PCs reported by O’Hearn vation (Ishizuka et al., 1996).
and Molliver (1993) in 3AP-treated rats could be ex-
plained by the much higher dose of harmaline used by Depolarization-Induced Ca21 Signaling of PCs
them (40 mg/kg, body weight single dose, or 25 mg/kg, Was Unaffected by a-h CRF
three doses at 24 hr intervals) compared with our present The induction of LTD has been shown to involve a tran-
experiment (15 mg/kg, single dose). sient elevation of intracellular Ca21 concentration ([Ca21]i)

In cerebellar slices obtained from 3AP-treated rats, in PCs caused by the activation of voltage-gated Ca21

PF-mediated EPSPs were recorded from PCs. Because channels (Sakurai, 1990; Konnerth et al., 1992; Freeman
some CFs survive the 3AP-treatment (Rossi et al., 1991), et al., 1998). Therefore, the blockade of LTD by a-h CRF
care was taken to confirm that only PCs with no CF could be due to its depressant effect on depolarization-

induced Ca21 transients. To examine this possibility, weresponses to strong stimuli of the white matter were
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Figure 5. a-h CRF Blocks LTD Induction by a Combination of PF Stimulation and PC Depolarization (LTDdepo)

(A) PF stimulation combined (1 Hz for 5 min) with injections of depolarizing current pulses to PCs (0.5–0.8 nA, 200 ms) sufficient to evoke
dendritic Ca21 spikes (inset) induced LTD of PF-EPSP initial slopes. Sample records of PF-EPSPs were obtained (Aa) 5 min prior to and (Ab)
40 min following the initiation of the combined stimulation.
(B) Pooled data from seven experiments with a combination of PF stimulation and PC depolarization, performed as in (A). Error bars, SEM.
(C) Bath application of a-h CRF (1.0 mM) during the period indicated by the horizontal bar prevented induction of LTDdepo. Note that neither
PF-EPSP nor depolarization-induced Ca21 spiking was affected by a-h CRF. Subsequent combination of PF with PC depolarization resulted
in a transient depression but not LTD of PF-EPSP initial slopes.
(D) Pooled data from 13 experiments combined PF stimulation and PC depolarization in the presence of a-h CRF, performed as in (C).

measured voltage-gated Ca21 currents in standard and (mean 6 SEM, n 5 6; Figure 7B, arrow). Thus, neither
the basal [Ca21]i levels nor the Ca21 transients werea-h CRF–containing perfusates using whole-cell volt-

age-clamp recordings. We used postnatal day 5 (P5) rats affected by a-h CRF. These results strongly suggest
that the blockade of LTD by a-h CRF is not due to itsfor these measurements, since at this developmental

stage, PCs are devoid of extensive dendrites (Altman, effect on depolarization-induced Ca21 signaling in PCs.
1972), such that the membrane voltage can be well con-
trolled (Kano et al., 1995; Tempia et al., 1996). As exem- PKC Activation but Not cGMP Production

Was Enhanced by CRFplified in Figure 7A, bath application of a-h CRF had
no depressant effect on voltage-gated Ca21 currents in Activation of PKC has also been shown to be required

for LTD induction (Crepel and Jaillard, 1990; Linden andPCs. The peak amplitudes of the Ca21 currents elicited
by voltage steps to 210 mV were 2.31 6 0.47 nA in the Connor, 1991; Hemart et al., 1995; De Zeeuw et al.,

1998; Freeman et al., 1998). We therefore biochemicallycontrol and 2.32 6 0.47 nA in the a-h CRF–containing
perfusates (mean 6 SEM, n 5 7). To examine whether examined the effects of CRF and its antagonist on PKC

activity. PKC activities in the particulate and cytosolica-h CRF could have affected Ca21 signaling processes
after Ca21 entry through the voltage-gated channels, fractions of cerebellar slice homogenates were assayed

separately, and the ratio of the particulate fraction towe directly measured the depolarization-induced Ca21

transients in the PCs of P20 rats. PCs were whole-cell the sum of the particulate and cytosolic fractions was
calculated to express the extent of membrane transloca-voltage clamped with a patch-pipette containing a Ca21

indicator dye, fura 2 (200 mM), and the [Ca21]i was mea- tion of PKC. Membrane translocation of PKC occurs
for productive phosphorylation of a membrane-boundsured with a single detector photomultiplier system. The

basal [Ca21]i levels prior to depolarization were 50.7 6 protein and can therefore be considered as an index of
PKC activation (Kraft and Anderson, 1983). As summa-12.6 nM in the standard and 42.6 6 11.2 nM in the a-h

CRF–containing perfusates (mean 6 SEM, n 5 6). The rized in Table 1, membrane translocation of PKC was
increased significantly after incubation with a PKC acti-peak Ca21 transients induced by depolarizing pulses

(from 260 mV to 0 mV; pulse duration, 200 ms) were vator, 0.2 mM phorbol 12-myristate 13-acetate (PMA),
for 15 min (from 30.4% to 47.8%) and also increased to422.5 6 160.6 nM in the standard and 468.8 6 179.5

nM in the a-h CRF–containing perfusates, respectively a similar extent after incubation with 0.1 mM CRF for 30
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Figure 6. Chronic Destruction of CFs Abol-
ishes LTDdepo, which Is Restored by CRF
Replenishment

Pooled data obtained by a combination of PF
stimulation (1 Hz for 5 min) and injections of
depolarizing current pulses to PCs (0.5–0.8
nA, 200 ms) sufficient to evoke dendritic Ca21

spikes in 3AP-treated, CF-deprived slices are
illustrated as in Figure 5B. Sample records of
PF-EPSPs in (A) through (C) were taken 5 min
prior to (a) and 30 min after (b) initiation of
combined stimulation.
(A) Eight experiments in normal perfusates.
(B) Seven experiments after 3 hr incubations
with CRF (0.1 mM).
(C) Five experiments after incubation with
both a-h CRF (1.0 mM) and CRF (0.1 mM).
Note the failure of LTDdepo induction in (A)
and (C) and its restoration in (B).

min (to 41.2%). Membrane translocation of PKC was 25.2 6 0.8 (mean 6 SEM, n 5 3) and 28.2 6 1.5 (n 5 7)
pmol/mg protein in the absence and presence, respec-slightly decreased (to 27.9%) in slices incubated with

1.0 mM a-h CRF, but the decrease was not statistically tively, of 0.1 mM 1-methyl-3 isobutylmethyl-xanthine
(IBMX), a phosphodiesterase inhibitor, which is consis-significant. In the slices obtained from 3AP-treated rats,

membrane translocation of PKC significantly increased tent with previously reported results (Okada, 1992). Incu-
bation with either CRF or a-h CRF for 30 min did notafter incubation with 0.2 mM PMA for 15 min (from 35.6%

to 50.2%) as well as after incubation with 0.1 mM CRF affect the basal cGMP level measured in the presence
of 0.1 mM IBMX (0.1 mM CRF, 31.8 6 6.2 pmol/mgfor 30 min (to 48.6%). The effect of CRF (0.1 mM) was

blocked (35.9%) when a-h CRF (1.0 mM) was added to protein, n 5 4; 1.0 mM a-h CRF, 29.1 6 2.2 pmol/mg
protein, n 5 5). The levels of cGMP in cerebellar slicesthe perfusates. These observations indicate that PMA

and CRF enhance membrane translocation of PKC to a increased markedly in the presence of sodium nitroprus-
side (SNP) (0.1 mM SNP, 120.9 6 10.7, n 5 5). Thissimilar extent in cerebellar neurons in both normal

and CF-deprived slices. However, a-h CRF did not sig- increase was not significantly affected by either 0.5 mM
CRF (112.5 6 52.0, n 5 3) or 1.0 mM a-h CRF (157.2 6nificantly affect the extent of membrane translocation

of PKC. 68.9, n 5 3). These results suggest that CRF does not
affect the intracellular regulatory mechanisms of cGMPNO formation, subsequent production of cGMP, and

activation of plakoglobin (PKG) have also been shown concentration.
to be required for LTD induction (Crepel and Krupa,
1988; Crepel and Jaillard, 1990; Ito and Karachot, 1990; Discussion
Shibuki and Okada, 1991; Lev-Ram et al., 1995, 1997a,
1997b; Hartell, 1996b; Blond et al., 1997; Shibuki and Requirement of CRF for LTD Induction

The present study has established that the presence ofKimura, 1997). We therefore estimated biochemically
the effect of CRF and its antagonist on cGMP produc- CRF is critical for LTD induction, based on two lines of

evidence; first, both LTDcnj and LTDdepo are abolishedtion. The basal cGMP content in cerebellar slices was
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Figure 7. a-h CRF Has No Depressant Effect
on Voltage-Gated Ca21 Currents or Depolar-
ization-Induced Ca21 Transients in PCs

(A, left) Whole-cell membrane currents elic-
ited with 20 ms voltage steps from a holding
potential of 260 mV to various test potentials
of 240 mV, 0 mV, 110 mV, 120 mV, and 130
mV. Records were obtained from a 5-day-
old rat before (upper) and after (lower) bath
application of a-h CRF (1.0 mM).
(A, right) Current–voltage relations for peak
Ca21 currents obtained from the same PC be-
fore (open circles) and after (closed circles)
bath application of a-h CRF (1.0 mM).
(B) Ca21 transients of a PC from a 21-day-old
rat in response to depolarizing pulses (from
60 to 0 mV; pulse duration, 200 ms). Re-
cordings were obtained before (left) and after
(right) bath application of a-h CRF (1.0 mM).

by CRF receptor antagonists (Figures 3 and 5), and sec- 6) and to increase membrane translocation of PKC (Ta-
ble 1). Therefore, AHP amplitude is not a sufficientlyond, LTDdepo was abolished in the cerebella of rats

whose CFs were destroyed by 3AP (Figure 6A). Because sensitive indicator to detect the postulated ambient CRF
released from CFs. Another possibility that must be con-a-h CRF and astressin blocked not only LTDcnj (Figure

3) but also LTDdepo, which is induced without stimula- sidered is that K1 ions driven out of PCs during mem-
brane depolarizations depolarize CF terminals, leadingtion of CFs (Figure 5), it is likely that the ambient CRF

present in cerebellar slices, probably released sponta- to the release of CRF. This is, however, unlikely, since
LTD can also be induced by Ca21 ions photolyticallyneously from CFs, is sufficient for LTD induction. Since

CRF secretion has been reported from unstimulated rat released inside PCs without CF stimulation or PC depo-
larization in cerebellar slices (Lev-Ram et al., 1997a).cerebellar slices (G. A. Bishop et al., 1997, Soc. Neu-

rosci., abstract), it is likely that cerebellar tissues contain Our results suggest that the CRF receptor cascade is
not involved in the maintenance but does play a role ina certain basal level of CRF. This basal level of CRF,

however, is probably low, around 0.1 mM or even less, the induction of LTD, because a-h CRF had no effect
on the late phase (Figures 4A and 4B), which in culturedtoo low to reduce the AHP amplitude, since a-h CRF

did not affect the latter (see Results); if the basal level PCs is protein synthesis–dependent (Linden, 1996).
Since the rescue of LTD by CRF in CF-deprived PCs ishad been high, 0.5–1.0 mM, enough to reduce the AHP

amplitude, a-h CRF should have increased AHP (cf. Fig- blocked by CRF antagonists (Figure 6), it is likely that
the effect of CRF is mediated by specific CRF receptorsure 2A). The addition of CRF at 0.1 mM was sufficient

to restore LTD in CF-deprived cerebellar slices (Figure present in the PCs.

Table 1. PKC Activity in Cerebellar Slices

PKC Translocation (%) Control PMA CRF a-h CRF CRF1 a-h CRF

Normal slices (n) 30.4 6 2.3 (4) 47.8 6 3.8** (3) 41.2 6 2.4** (5) 27.9 6 2.3 (3) —
CF-deprived slices from
3AP-treated rats (n) 35.6 6 1.8 (4) 50.2 6 4.5** (4) 48.6 6 2.4** (4) — 35.9 6 2.0 (3)

After 15 min incubation in normal medium containing 0.2 mM phorbol 12-myristate 13-acetate (PMA). CRF, 0.1 mM for 30 min. a-h CRF, 1 mM
for 15 min. CRF 1 a-h CRF, simultaneous application of 0.1 mM CRF and 1.0 mM a-h CRF for 30 min. Numerical figures, mean 6 SEM. In
parentheses, number of experiments performed. Double asterisk, p , 0.01 compared with control, unpaired t test.
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The results of this study, demonstrating that CRF an- in response to CF activation (Knöpfel et al., 1990; Kon-
nerth et al., 1992; Miyakawa et al., 1992). However, it hastagonists blocked LTD, may be at variance with the

finding that a combination of glutamate and depolariza- recently been reported that under certain conditions, PF
stimulation also causes significant Ca21 elevation (Eilerstion pulses induces LTD in cultured PCs (Linden et al.,

1991; Hirano et al., 1994), since cultured PCs are devoid et al., 1995; Hartell, 1996a); in particular, strong and
repetitive PF stimulation that yields EPSPs larger thanof CFs, and presumably consequently, CRF. However,

the presence of CRF receptors in cultured PCs is appar- 10 mV at peak induced significant Ca21 influx into PC
dendrites and caused persistent depression of PF-ent, because their AHP amplitude is readily decreased

by CRF (Fox and Gruol, 1993). It may be worthwhile EPSPs (Hartell, 1996a). These experiments were per-
formed on PC somata under whole-cell recording condi-examining if ambient CRF is present in cellular ele-

ment(s) other than CFs in cell cultures derived from very tions in thin (200 mm) cerebellar slices obtained from
young (P14–P21) rats, while in the present study, weyoung rats. If no CRF is present in the tissue cultures,

it should be considered that signal transduction pro- recorded PF-EPSPs from proximal dendrites of PCs in
400 mm thick slices obtained from rats aged 42–49 days.cesses underlying LTD differ in certain respects be-

tween cerebellar tissues and tissue cultures. This is We stimulated PFs at a low frequency of 0.2 Hz and
adjusted the stimulus intensity so as to yield PF-EPSPsprobably the case, because a marked difference is al-

ready known to exist; NO is required for LTD induction of 8–15 mV in amplitude. Since PF-EPSPs are much
larger when recorded in proximal dendrites than in thein cerebellar slices (Lev-Ram et al., 1997b) but not in

cultured PCs (Linden et al., 1995). Since six pulses of somata (Sakurai, 1987), the PF stimuli adopted in the
present study probably did not induce significant Ca21glutamate application, combined with depolarization,

are sufficient to induce LTD in cultured PCs (Linden, influx, if any, into PC dendrites. In fact, as shown in
Figures 1C and 1D, repetitive PF stimulation at 1 Hz for1995), while 300 pulses of conjunctive PF and CF stimuli

are necessary to induce LTD in cerebellar slices (Kara- 5 min (300 stimuli) did not induce depression and instead
caused a slight potentiation of PF-EPSPs. This is consis-chot et al., 1994), it is possible that signal transduction

processes leading to LTD are in a readily activated state tent with previous reports using similar experimental
protocols (Sakurai, 1987, 1990; Karachot et al., 1994).in cultured PCs, whereas a synergistic effect of CRF is

required for sufficient activation of the signal transduc- Thus, under our recording conditions, the Ca21 influx
into PCs that was necessary for LTD induction wastion processes in PCs in cerebellar slices.
caused by CF inputs (LTDcnj) or the direct depolariza-
tion of PCs (LTDdepo).Negative Evidence for the Involvement of Glutamate

LTD induction has been reported to require NO, whichReceptors, Ca21 Signaling, and the NO–cGMP
is yielded by activation of NO synthase in PFs and whichPathway in the Induction of LTD
in turn activates guanylate cyclase in PCs, leading toIonotropic AMPA–type glutamate receptors that medi-
the generation of cGMP and activation of PKG (Arianoate excitatory transmission at PF synapses to PCs (Lli-
et al., 1982; Shibuki and Okada, 1991; Lev-Ram et al.,ano et al., 1991) have been reported to be activated for
1995; Hartell, 1996b; Shibuki and Kimura, 1997). Since,LTD induction (Kano and Kato, 1987, 1988; Linden et
however, the levels of cGMP in cerebellar slices, regard-al., 1991; Hemart et al., 1995). However, since CRF an-
less of the absence or presence of a NO donor, weretagonists did not affect PF-EPSPs, except in the case
not significantly affected by either CRF or a-h CRF inof LTD, AMPA receptors in PF synapses are unlikely to
the present experiment, the NO–cGMP pathway can bebe the site of action of CRF for LTD induction. mGluR1s
excluded from consideration as the site of action of CRFthat are colocalized with AMPA receptors at dendritic
in LTD interaction.spines postsynaptic to PF terminals (Baude et al., 1993;

Since type 1 CRF receptors are reported to be coupledNusser et al., 1994) are also probably activated for LTD
with Gs proteins (Battaglia et al., 1987), there is a possi-induction (Aiba et al., 1994; Conquet et al., 1994; Hartell,
bility that CRF activates adenylate cyclase via Gs pro-1994; Shigemoto et al., 1994). However, since CRF an-
teins, induces the production of cAMP, and thereby acti-tagonists did not affect mGluR1-mediated slow EPSPs
vates PKA; however, there is no evidence suggesting thein PCs (Figure 2B), these receptors can also be excluded
involvement of PKA in LTD induction (Ito and Karachot,as the site of interference between CRF receptor activa-
1992; Storm et al., 1998).tion and LTD induction.

Another requirement for LTD induction is a transient
elevation of [Ca21]i in PC dendrites, mediated by the

Possible Involvement of PKCactivation of voltage-gated Ca21 channels (Sakurai, 1990;
PKC is activated downstream of the activation of mGluR,Konnerth et al., 1992). Since depolarization-induced
and its activation has been reported to be required forCa21 signaling in PCs was not affected by CRF antago-
LTD induction (Crepel and Krupa, 1988; Crepel and Jail-nists (Figure 7), interference by CRF of Ca21 signaling
lard, 1990; Linden and Connor, 1991; De Zeeuw et al.,such as was reported in corticotrophs (Guerineau et al.,
1998). It has been reported that CRF activates PKC in1991) is unlikely to occur in PCs. Ca21 signaling can thus
pituitary cells and A-431 cells (Kiang et al., 1994; Ishizukaalso be excluded as a site of action of CRF for LTD
et al., 1996). Indeed, we observed CRF-enhanced mem-induction.
brane translocation of PKC in control cerebellar slicesIt is of interest to discuss here the source of Ca21

(Table 1). In CF-deprived cerebellar slices, membranesignaling in LTD induction. This has been considered to
translocation of PKC was similarly enhanced by CRF,be caused by CF input, since fluorometric Ca21 mea-

surements have demonstrated prominent Ca21 elevation and this enhancement was blocked by a-h CRF. These



Neuron
772

Experimental Proceduresdata must be evaluated with caution, because the pres-
ent biochemical measurements do not distinguish be-

Preparation of Cerebellar Slicestween the different cell types contained in cerebellar
Male Wistar rats of three different age groups (P4–P6, P20–P25,

slices. Nevertheless, under the assumption that the P42–P49) were used. They were decapitated under ether anesthesia,
measurements reflect changes of PKC activity in PCs, and the cerebellar vermis was dissected out. Parasagittal cerebellar
at least to a significant extent, the data in Table 1 sug- slices of either 200 or 400 mm thickness were prepared with a mi-

croslicer (Dosaka). The slices were incubated at room temperaturegest that the restoration of LTD induction by CRF in CF-
in a perfusion medium with the following composition (in mM): NaCl,deprived PCs is due to enhanced PKC activation caused
118; KCl, 4.7; CaCl2, 2.5; NaHCO3, 25; KH2PO4, 1.2; MgSO4, 7; H2O,via CRF receptors.
1.2; and glucose, 11, equilibrated with 95% O2 1 5% CO2 gas (pH

It is noted, however, that membrane translocation of 7.4). One slice was transferred to a submerged recording chamber,
PKC was not significantly affected by a-h CRF in control maintained at 328C, and perfused with perfusion medium containing
cerebellar slices or by CF deprivation in 3AP-treated 20 mM picrotoxin at the rate of 2 ml/min. a-h CRF was dissolved in

DMSO (final concentration, 0.002%); a-h CRF and CRF (human, rat)slices. Probably, the basal level of PKC activity is largely
were purchased from Sigma. Astressin was a generous gift frommaintained by drives other than CRF receptor–mediated
Dr. Toshihiro Imaki (Tokyo Women’s Medical University).mechanisms. The effect of CRF antagonists in blocking

In some experiments, CFs were denervated pharmacologicallyLTD induction is therefore not due to a lowered activa-
with a combination of 3AP, harmaline, and niacinamide (Llinás et

tion level of PKC but possibly to insufficient elevation al., 1975). The rats (21 days old) were injected with 3AP intraperitone-
of PKC activity during conjunctive CF and PF stimula- ally (75 mg/kg). Harmaline (15 mg/kg) and niacinamide (300 mg/kg)
tion. The latter possibility is difficult to examine with the were also administered intraperitoneally 3 and 4.5 hr, respectively,

after the 3AP injection. Parasagittal slices were prepared from thesepresent biochemical measurements, because conjunc-
rats 60–90 days after the 3AP treatment. For the results shown intive stimulation involves only a small fraction of a cere-
Figures 6A and 6B, the solution containing CRF or the control perfu-bellar slice. Since PF signals may enhance PKC activity
sion medium was blindly applied to the slices.

via activation of mGluR1 and subsequent production
of diacylglycerol (DAG), there is a possiblity that CRF

Stimulation and Intradendritic Recording from PCs
facilitates the mGluR1–DAG pathway, such that both Bipolar stimulation electrodes were prepared from two twisted plati-
the presence of CRF receptor antagonists and depriva- num iridium wires separated, except at the very tip (50 mm outer
tion of CRF lead to an insufficient elevation of PKC diameter). The electrodes were gently placed on the pial surface

and white matter to stimulate the PFs and CFs, respectively. A glassactivity during conjunctive stimulation. Experimental
microelectrode filled with 3 M KCl solution and having a resistancetesting of this possibility will be the focus of another
of 60–80 MV was inserted into the PC somata or dendritic shaft instudy.
the middle of the molecular layer. Recordings were obtained with

In parallel with DAG production and subsequent PKC a standard intracellular recording amplifier with current injection
activation, phosphoinositide hydrolysis is promoted by and bridge balancing capabilities (Nihon Kohden MEZ8301). PFs
activation of mGluR and in turn leads to release of Ca21, were stimulated at 0.2 Hz, and five consecutive sweeps were aver-

aged and stored online with patch-clamp software (Axon Instru-which is required for LTD induction (Inoue et al., 1998),
ments). For directly evoking Ca21 spikes, depolarizing current pulsesfrom intracellular stores. Since phosphoinositide hydro-
of 0.5–0.8 nA (duration, 200 ms) were applied through the microelec-lysis is activated via type-1 human and mouse CRF
trode. Only those data obtained when the resting potential andreceptors in cDNA-transfected COS-7 cells (Xiong et al., membrane resistance remained constant were considered for later

1995), it is possible that CRF receptor activation leads analysis.
to LTD induction by modulating phosphoinositide hy-
drolysis. Presently, however, no data are available to Measurement of [Ca21]i and Voltage-Gated
substantiate this possibility. Ca21 Currents

PCs in cerebellar slices (200 mm thick) were visualized through theProtein tyrosine kinases (PTKs) have also been re-
403 water immersion objective of an upright microscope (Olympusported to be required for LTD induction, because PTK
BH-2). Whole-cell patch-clamp recording methods were used toinhibitors abolish LTDdepo (Boxall et al., 1996). Since
record membrane currents (Edwards et al., 1989) using an Axopatchdepression of PF-EPSPs induced by a PKC activator
1D amplifier (Axon). Only data from cells whose access resistance

was also prevented by a PTK inhibitor, it has been sug- did not exceed 10–15 MV, even during prolonged recording periods,
gested that PKC activates PTKs, which in turn modify were considered for further analysis. Fura 2 (200 mM, Dojin, Japan)
the functions of receptors (Boxall and Lancaster, 1998). was added to the pipette solution containing (in mM): CsCl, 60; CsD-

gluconate, 30; TEA-Cl, 20; MgCl2, 4; Na-ATP, 4; Na-GTP, 0.4; andHowever, modification of AMPA receptors by PTKs has
HEPES, 30 (pH 7.3, adjusted with CsOH). Fluorescence was mea-not yet been proven, and the possibilities that remain
sured with a single detector photomultiplier system (Olympus,to be examined are that PKC and PTKs work in parallel,
OSP-3).converging further downstream rather than in series, or

For measuring voltage-gated Ca21 channel currents in the PCs of
even that PKC activity is affected by PTKs (Umemori et 4- to 6-day-old rats, extracellular Ca21 (CaCl2, 2 mM) was replaced
al., 1997). Presently, no data are available for or against with Ba21 (BaCl2, 5 mM) to prevent Ca21-induced inactivation of
the involvement of PTKs in CRF–LTD interaction. Ca21 channel currents. Tetrodotoxin (TTX; 0.5 mM) and tetraethyl

ammonium (TEA; 75 mM) were included in the external solution toTo summarize, PKC activation is suggested as a pos-
prevent Na1 and K1 currents, and the concentration of NaCl wassible mechanism of CRF–LTD interaction, whereas the
reduced to 50 mM to keep the osmolarity constant.involvement of glutamate receptors, Ca21 signaling, the

NO–cGMP–PKG pathway, and PKA is excluded. Phos-
Biochemical Assayphoinositide hydrolysis and PTKs are still possibilities
For measuring PKC activity, parasagittal slices of the vermis (400

that remain to be examined. The possibility that CRF
mm thick) were prepared from Wistar or 3AP treated rats and prein-

receptor activation involves an as yet unknown signal cubated in the standard medium for 1 hr at 338C before being im-
transduction process for LTD induction must also be mersed in perfusates containing various reagents. Slices were ho-

mogenized in 1 ml of buffer A (25 mM Tris-HCl [pH 7.5], 50 mMborne in mind.
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2-mercaptoethanol, 2 mM EGTA, 1 mM phenylmethylsulfonyl fluo- cyclase activity in the rat central nervous system. Synapse 1,
572–581.ride, 0.005% leupepsin, and 0.25 M sucrose). The homogenate was

centrifuged at 100,000 3 g for 1 hr. PKC activity bound to the Baude, A., Nusser, Z., Roberts, J.D.B., Mulvihill, E., Mcilhinney,
particulate fraction was extracted by resuspending the pellet in 1 R.A.J., and Somogyi, P. (1993). The metabotropic glutamate recep-
ml of buffer A containing 1% Triton X-100 followed by gentle stirring tor (mGluR1a) is concentrated at perisynaptic membrane of neural
at 48C for 1 hr. The extract was collected by centrifugation as de- subpopulations as detected by immunogold reaction. Neuron 11,
scribed above. The cytosol and extract were loaded onto DE52 771–787.
(Whatman) columns preequilibrated with buffer B (25 mM Tris-HCl Bishop, G.A. (1990). Neuromodulatory effects of corticotropin re-
[pH 7.5], 50 mM 2-mercaptoethanol, 2 mM EGTA, and 0.002% leu- leasing factor on cerebellar Purkinje cells: an in vivo study in the
pepsin) and then washed with it. PKC was eluted with buffer B cat. Neuroscience 39, 251–257.
containing 130 mM NaCl, and its activity in 40 ml of the eluant was

Bishop, G.A., and Kerr, C.W. (1992). The physiological effects ofassayed with 0.2 mg/ml of histone III-S, as the phosphate acceptor;
peptides and serotonin on Purkinje cell activity. Prog. Neurobiol.20 mM ATP; and 1.5 MBq of [g-32P]ATP (Okada, 1996).
39, 475–492.

For cGMP assay, homogenates were similarly obtained from the
Bishop, G.A., and King, J.S. (1992). Differential modulation of Pur-cerebellar slices. The method used for cGMP assay has been de-
kinje cell activity by enkephalin and corticotropin releasing factor.scribed in detail previously (Okada, 1992). The cGMP content is
Neuropeptides 22, 167–174.expressed in picomoles per milligram of protein, in mean 6 SEM
Blond, O., Daniel, H., Otani, S., Jaillard, D., and Crepel, F. (1997).values.
Presynaptic and postsynaptic effects of nitric oxide donors at syn-
apses between parallel fibres and Purkinje cells: involvement inCalbindin D28K Staining
cerebellar long-term depression. Neuroscience 77, 945–954.Coronal sections of the cerebellum (10 mm) were prepared at 40
Boxall, A.R., and Lancaster, B. (1998). Tyrosine kinases and synapticmm intervals. Calbindin D28K immunohistochemistry was performed
transmission. Eur. J. Neurosci. 10, 2–7.as described by Celio (1990). The density of PCs was obtained from
Boxall, A.R., Lancaster, B., and Garthwaite, J. (1996). Tyrosine ki-each section as the cell number per 0.1 mm2 of lobules 3 and 4 with
nase is required for long-term depression in the cerebellum. Neuronthe MicroComputer Imaging Device (Imaging Research, Ontario,
16, 805–813.Canada).
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